cDNAs encoding Hypericum sampsonii benzophenone synthase (HsBPS) and chalcone synthase (HsCHS) were isolated and functionally characterized. Differential expressions of HsBPS and HsCHS were monitored using quantitative polymerase chain reaction (PCR). In the vegetative stage, HsBPS was highly expressed in the roots; its transcript level was approx. 100 times higher than that of HsCHS. Relatively high transcript amounts of HsBPS were also detected in older leaves, whereas the youngest leaves contained higher transcript amounts of HsCHS. In the reproductive stage, maximum HsCHS expression was detected in flowers, the transcript level being approx. 5 times higher than that of HsBPS. The inversed situation with a 10-fold difference in the expression levels was observed with fruits. High transcript amounts for both proteins were found in roots.
Hypericum sampsonii Hance is used as a traditional Chinese herbal medicine in the treatment of numerous disorders such as hematemesis, epistaxis, menstrual irregularity, external traumatic injury, snakebite and swellings [1] . In recent years, the plant has aroused further scientific interest for its anticancer activity [2] . Extensive phytochemical studies demonstrated that H. sampsonii contains an array of sampsoniones (A-Q), which are polyprenylated benzophenones characterized by complex caged tetracyclic skeletons ( Figure 1 ). These compounds possess profound cytotoxic activity [3] . Despite their pharmaceutical importance, biosynthesis of these benzophenone derivatives remains poorly understood. The nucleus of sampsoniones is benzophenone, which is biosynthesized by benzophenone synthase (BPS; EC 2.3.1.151), a new member of the type III polyketide synthase (PKS) [4] . The first published BPS (HaBPS) cDNA was from elicitor-treated Hypericum androsaemum cell cultures, which served as a model system for studying benzophenone metabolism [5] . Recently, the second BPS cDNA was cloned and characterized from Garcinia mangostana [6] . However, no information about expression of BPS in planta is so far available. Here we have cloned and functionally characterized a cDNA encoding H. sampsonii benzophenone synthase (HsBPS). The organ-specific expression pattern of HsBPS was analyzed by quantitative polymerase chain reaction (PCR). For comparison, the same studies were carried out for chalcone synthase (HsCHS), which is a well studied ubiquitous type III PKS in all higher plants.
The cDNAs for HsBPS and HsCHS were cloned by the homologybased cloning strategy. The ORF of the HsBPS cDNA was 1188 bp long and encoded a 42.7 kDa protein (395 amino acids) with a calculated pI of 5.91. The HsCHS cDNA contained a 1173 bp ORF encoding a 42.7 kDa protein (390 amino acids) with a calculated pI of 6.55. HsBPS and HsCHS shared around 57.0% identity at the nucleotide as well as at the amino acid sequence level. HsBPS and HsCHS were expressed as N-terminally His 6 -tagged proteins in Escherichia coli and purified by affinity chromatography. Protein bands of approximately 43 kDa each were observed after SDS-PAGE ( Figure 2 ). HsBPS preferred benzoyl-CoA as a starter substrate ( Table 1 ). The enzymatic product was identified as 2,4,6-trihydroxybenzophenone by liquid chromatography-UV spectroscopy (LC-UV) and liquid chromatography-mass spectrometry (LC-MS) in comparison with a sample of authentic reference compound. The pH and temperature optima were 6.5-7.0 and 40°C, respectively. There were also traces of a side product, 6-phenyl-4-hydroxy-2-pyrone. Beside benzoyl-CoA, HsBPS also accepted 3-hydroxybenzoyl-CoA as starter substrate to form 2,3',4,6-tetrahydroxybenzophenone and a small amount of 6-(3'-hydroxyphenyl)-4-hydroxy-2-pyrone as a derailment product. 4-Hydroxybenzoyl-CoA, acetyl-CoA, and CoA esters of cinnamic acids were not accepted by HsBPS as starter molecules (Table 1 ). The k cat and K m values of HsBPS were about seven times and twice, respectively, higher than those of HaBPS as N-terminally His 6tagged protein [7] . The catalytic efficiency (k cat /K m ) of HsBPS was around 4 times higher than that of HaBPS and recently published BPS from Garcinia mangostana [6] . The substrate preference of HsBPS for benzoyl-CoA well correlates with the observation that H. sampsonii contains an array of polyprenylated benzophenone derivatives that share an unsubstituted benzoyl moiety ( Figure 1 ).
HsCHS exhibited highest activity with 4-coumaroyl-CoA (Table 1 ). The enzymatic product was naringenin, as identified by LC-UV and LC-MS in comparison with a sample of authentic reference compound. Cinnamoyl-CoA was also a starter substrate for HsCHS and the product formed was pinocembrin. The optimum pH and temperature values for HsCHS were 7.0 and 40°C, respectively. Side products were not detected. HsCHS also accepted benzoyl-CoA as a starter molecule with around 10% relative activity, and produced, like HsBPS, 2,4,6-trihydroxybenzophenone ( Table 1 ). The kinetic data of HsCHS are indicated in Table 2 .
The expression patterns of HsBPS and HsCHS were analyzed in various organs harvested at both the vegetative and reproductive stages. Quantitative PCR was used to monitor the transcript levels of HsBPS and HsCHS (Figure 3 ). HsBPS and HsCHS were differentially regulated. In the vegetative stage (Figure 3a ), the expression level of HsBPS in roots was approx. 100 times higher than that of HsCHS. In stems, both transcript levels were low, but similar. In leaves, expression of both genes was developmentally regulated. The HsCHS transcript level was high in the youngest leaves (L1) and decreased upon aging. In contrast, the HsBPS expression level was low in the youngest leaves, but significantly increased in older leaves (L3 and L4). The HsBPS expression level in leaves was, however, only around one third of that in roots. In the reproductive stage (Figure 3b ), the expression level of HsBPS in roots was comparable with that in the vegetative stage. However, the expression level of HsCHS was markedly increased and reached almost that of HsBPS. Highest expression of HsCHS was observed in flowers, where the transcript level was approx. five times higher than that of HsBPS. The inverse situation was found in fruits, where expression of HsBPS was approx. ten times higher than that of HsCHS. The transcript amounts for both genes were relatively low in stems and leaves. In most organs, the expression level of HsBPS was higher than that of HsCHS, which is consistent with the finding that polyprenylated benzophenones and xanthones are typical and dominant secondary products of Hypericaceae plants, whereas the concentration of flavonoids in these plants is lower [3, 8] . HsBPS was most highly expressed in the roots at both the vegetative and reproductive stages, while its expression in the upper parts of the plant was lower. This expression pattern well correlated with the distribution of polyprenylated benzophenones in the plant. The concentration of prenylated benzophenones in the roots is much higher than that in the aerial parts. For example, the 7-epi-clusianone content in the roots of H. sampsonii is about 0.1% of dry weight, which is around 100 times higher than the maximum concentration of sampsoniones in the aerial parts [3] . Another reason for the high HsBPS expression level in roots may be that xanthones also appear to mainly accumulate in the underground organs of many Hypericum species [9]. The HsBPS expression results suggested that roots of H. sampsonii may be the better parts to be used as a herbal remedy because of the high amounts of benzophenone derivatives.
The differential expression pattern of HsBPS and HsCHS in H. sampsonii is interesting and should be related to the function of the corresponding end products, benzophenones and flavonoids, respectively. It has been proved that flavonoids serve as flower pigments, UV protectants and signal molecules in plants [10] . The expression pattern of HsCHS can be well explained by these functions, especially, the high transcript level of HsCHS in flowers is likely to be related to pigmentation for insect attraction.
Constituents that are widely distributed in species of Hypericaceae are polyprenylated benzophenones and xanthones and their antimicrobial properties suggest that they may also have a defensive role against pathogens. In H. calycinum, polyprenylated acyl and benzoyl phlorogucinols made up to approx. 20% of the dry weight of anthers and ovarian walls and were presumed to protect the developing seeds against herbivores and microorganisms [11] . In H. perforatum cell cultures, Agrobacterium tumefaciens as a biotic stress factor activated xanthone biosynthesis, which resulted in a rapid up-regulation of BPS expression and a 12-fold increase in the total xanthone concentration [12] . These compounds were supposed to act as both phytoalexins and antioxidants to help the host prevent disease development. It is reasonable to assume a similar function of benzophenone derivatives in H. sampsonii. The differential expression patterns of HsBPS and HsCHS might indicate that benzophenone derivatives serve in a complementary way, in addition to flavonoids, to protect the plant from biotic stress.
The results of this work provided the first insight into the in planta expression pattern of HaBPS, which was clearly different from that of HaCHS in H. sampsonii. These data are the solid basis for further deep investigations of the biosynthesis of these polyprenylated benzophenone derivatives.
Experimental
Chemicals: All the CoA esters of cinnamic acids and benzoic acids, apart from benzoyl-CoA, were synthesized as described in the literature [13] . Malonyl-CoA, acetyl-CoA, benzoyl-CoA and naringenin were purchased from Sigma-Aldrich (St Louis, MO, USA), 2,4,6-trihydroxybenzophenone from ICN (Meckenheim, Germany), and 6-phenyl-4-hydroxy-2H-pyran-2-one (benzoyldiacetic acid lactone) from Aurora Fine Chemicals (Graz, Austria).
Plant materials:
Hypericum sampsonii Hance (Hypericaceae) seeds were kindly provided by Professor Hongfei Lv (Zhejiang Normal University, Jinhua, China). A voucher specimen of this plant (No. 01262860) was deposited in the Herbarium of the Institute of Botany, the Chinese Academy of Sciences, Beijing, China. The seeds were germinated in petri dishes covered with filter paper and grown at 25°C with a photoperiod of 16/8 h (light/dark). Threeweek-old seedlings were transferred to 1.5-L pots filled with a mixture of mineral soil and humus in a greenhouse with the same temperature and photoperiod. When plants were 6-8 weeks old (vegetative stage), roots, stems, and leaves were harvested. The leaves were divided into unopened leaf pair (L1), the second leaf pair (L2), the third leaf pair (L3) and the fourth leaf pair (L4). In the reproductive stage, leaf (L) was the first leaf pair under the florescence, the fully opened flower heads (Fl) and green fruits (Fr) were harvested. All the samples were divided into 0.2 g-samples and immediately frozen in liquid nitrogen and stored at -80°C.
Cloning of HsBPS and HsCHS cDNAs:
Total RNA was isolated from roots and leaves of H. sampsonii using the Universal Plant Total RNA Extraction Kit (Bioteke, Beijing, China). Reverse transcription was carried out at 42°C with M-MLV Reverse Transcriptase (Promega, Madison, WI, USA), and the oligo (dT)adaptor primer RRP (primer sequences and PCR conditions are provided in supplementary data). Gene specific primers were designed from the 5' untranslated region (5' UTR) of HaBPS (Pr-1) and HaCHS (Pr-2) of H. androsaemum [5] . For HsCHS, the fulllength cDNA sequence was amplified using primer pair Pr-2 and the adaptor of RRP and the reverse-transcription product of leaf mRNA as template. For HsBPS, we were not able to amplify the full-length HsBPS with primer pair Pr-1 and the adaptor of RRP, but the core cDNA fragment was amplified by PCR using primers Pr-F and Pr-R derived from the ORF of HaBPS [5] . Full-length cDNA was obtained by rapid amplification of cDNA ends (RACE) using the protocol of the SMARTer TM RACE cDNA Amplification kit
